Keywords: acoustics collective evasions information transfer large aggregations predation risk schooling behaviour Many large-scale animal groups have the ability to react in a rapid and coordinated manner to environmental perturbations or predators. Information transfer among organisms during such events is thought to confer important antipredator advantages. However, it remains unknown whether individuals in large aggregations can change the structural properties of their collective in response to higher predation risk, and if so whether such adjustments promote responsiveness and information transfer. We examined the role of risk perception on the schooling dynamics and collective evasions of a large herring, Clupea harengus, school (ca. 60 000 fish) during simulated-predator encounters in a sea cage. Using an echosounder, high-resolution imaging sonar and acoustic video analysis, we quantified swimming dynamics, collective reactions and the speed of the propagating waves of evasion induced by a mobile predator model. In the higher risk condition, fish swam faster, exhibited a stronger circular swimming pattern, and we found an increased correlation strength indicating that the school had a greater ability to collectively respond to a perturbation. When exposed to a simulated threat, collective evasions were stronger and behavioural change (evasion manoeuvres) propagated more quickly within the school under environmental conditions perceived as being more risky. Our results demonstrate that large schools make structural and behavioural adjustments in response to perceived risk in a way that improves collective information transfer, and thus responsiveness, during predator attacks.
a r t i c l e i n f o
Many large-scale animal groups have the ability to react in a rapid and coordinated manner to environmental perturbations or predators. Information transfer among organisms during such events is thought to confer important antipredator advantages. However, it remains unknown whether individuals in large aggregations can change the structural properties of their collective in response to higher predation risk, and if so whether such adjustments promote responsiveness and information transfer. We examined the role of risk perception on the schooling dynamics and collective evasions of a large herring, Clupea harengus, school (ca. 60 000 fish) during simulated-predator encounters in a sea cage. Using an echosounder, high-resolution imaging sonar and acoustic video analysis, we quantified swimming dynamics, collective reactions and the speed of the propagating waves of evasion induced by a mobile predator model. In the higher risk condition, fish swam faster, exhibited a stronger circular swimming pattern, and we found an increased correlation strength indicating that the school had a greater ability to collectively respond to a perturbation. When exposed to a simulated threat, collective evasions were stronger and behavioural change (evasion manoeuvres) propagated more quickly within the school under environmental conditions perceived as being more risky. Our results demonstrate that large schools make structural and behavioural adjustments in response to perceived risk in a way that improves collective information transfer, and thus responsiveness, during predator attacks. © 2016 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
The formation of large animal aggregations is a widespread phenomenon across taxa that spans various ecological contexts. A common property of many such groups, including bird flocks or fish schools, is the ability to react in a rapid, and highly coordinated, manner to environmental factors or predators. Avoiding predation is thought to be the prevailing functional explanation for the formation of many animal groups (Pitcher & Parrish, 1993; Rieucau, Fern€ o, Ioannou, & Handegard, 2015) , and collective responsiveness and information transfer can enhance antipredator response for many grouping prey species (Couzin, 2009; Handegard et al., 2012; Rosenthal, Twomey, Hartnett, Wu, & Couzin, 2015; Treherne & Foster, 1981; Yates et al., 2009 ). The ability of large animal groups to be responsive to external stimuli raises important questions regarding how information acquired locally can spread rapidly across massive aggregations over great distances (Gerlotto, Bertrand, Bez, & Gutierrez, 2006; Makris et al., 2009; Marras, Batty, & Domenici, 2012; Rosenthal et al., 2015) .
Laboratory (Rosenthal et al., 2015) and field (Handegard et al., 2012) studies of collective evasion have demonstrated the importance of social transmission, whereby sudden changes in the direction of only a few risk-aware individuals (turning away from a detected threat) can be transmitted as a rapid social contagion through the group (waves of turning). This results in a collective amplification of information and motion away from the potential threat (Couzin, 2007 (Couzin, , 2009 Radakov, 1973; Rosenthal et al., 2015; Treherne & Foster, 1981) . The speed of waves of behavioural responses outpace the speed of approaching predators, and exceed the maximum sustained speed of prey individuals themselves (Godin & Morgan, 1985; Marras et al., 2012; Rosenthal et al., 2015) , efficiently alerting the other group members of the potential threats (Treherne & Foster, 1981) .
